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FOREWORD

This report is submitted to the National Aeronautics
and Space Administration, Ames Research Center, bv
Martin Marietta Corporation, Denver Division, in
accordance with Article iV, Paragraph RBR.3 of Contract
NAS2-7489, dated 20 March 1973.

The work was administered under the techni ‘! direction
of Mr. Duane W. Dugan, NASA-ARC Technical Monitor.

Mr. Dale A. Fester, Analytical Unit Head, Taermodynamics
and Fluid Mechanics Section, Propulsion Department, was
the Martin Marietta Program Manager.
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A study was made to determine the feasibility of develop-
ing toroidal propellant tanks for a bipropellant (N20,/
MMH) propulsion system to be used in a proposed advanced
Pioneer spin-stabilized vehicle intended for a Jupiter-
orbiter and possibly a Saturn-orbiter mission. The
rationale for considering the use of two toroidal tanks
rather than the proposed use of four spherical tanks
includes the belief that a more symmetrical distribution
of propellant mass and a smaller variation in the position
of the vehicle center-of-mass during propellant consump-
tion would result, reducing requirements for attitude-
control propellants, for balance weight, and for other
weights associated with the dynamics of the spinning
spacecraft. These advantages, it was hoped, would

more than offset an anticipated larger weight of the
toroidal tankage.

Results of the study lead to the conclusion that a
toroidal tank containing an effective. passive surface
tension propellant acquisition device could be fsbri-
cated with available manufacturing methods and could
be used interchangeably for either fuel or oxidizer.

A two-toroidal-tank system is attractive bec wse of
packaging, spacecraft center-of-mass and sp . control,
mass and propellant outflow considerations. A single
tank outlet satisfies the requirements for both normal
propellant feed and emergency draining. The tanks can
be stacked at the aft end of the spacecraft, centered
about the spin axis. Propellant motion in the toroidal
tanks tends to be balanced, e.g., propellant settling
due to thrust acceleration is symmetrical. Because of
this symmetry, a more balanced spacecraft requiring
lesser control should result, In addition, a two-tank
system is inherently more reliable and with the single
tank outlets, eliminates the need for outflow balancing
from parallel fuel tanks and parallel oxidizer tanks.

No major problems are foreseen that would prevent the
selected propellant acquisition device from performing
as predicted theoretically, although drop tests with
non-spinning toroidal tanks have indicated an ullage
bubble offset when the tanks are nearly full, The
centrifugal force present in a spinning vehicle is
believed sufficient to maintain symmetry of the ullage
bubble and prevent separation into two or more bubbles.
A realistic test with an actual tank could resolve this
problem,
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The materials considered for the torocidal tanks include
2219- and 6061-aluminum alloys and 6A1-4V titanium.
Comparison of the mass of two constant-wall-thickness
toroidal tanks with that of four spherical tanks (equal
total volumes) shows that, without propellant acqui-
sition devices, the toroidal tanks are heavier by about
8 Kg (18 1by) and 12.5 Kg (28 lb,) with the two alum-
inum alloys, respectively, and abcut 2.6 Kg (5.7 lbp)
if titanium is used. These mass dJdifferences between
toroidal and spherical tank systems can be reduced
significantly if a varying wall thickness is used in
the toroidal tank design. For the two aluminum alloys
considered, the mass differences are reduced to 4.1 Kg
(8.8 1b,) and 7.1 Kg (16 1bp), respectively. With
titanium, the toroidal tank system mass is actually
less than the spherical tank system mass by 0.6 Kg

1.3 1by) if a variable wall _hickness if employed.

The passive surface tension propellant-acquisition
devices for the two toroidal tanks weigh only 2.45 Kg
(5.4 1by). Similar devices for the four spherical
tanks are estimated to be about 1.36 Kg (3.0 1lby).

For titanium there is a relatively small weight penalty
in ueing two toroidal tanks instead of four spherical
tanks. If the proposed relatively heavy bladder-type
expulsion devices for the four spherical tanks should
not be discarded in favor of lighter surface tension
devices, the total weight of two toroidal tanks would
be approximately 73 percent of that of the four spher-
ical tanks of the same volume (18.2 Kg compared with
24,9 Kg). Support of toroidal tanks in the spacecraft
appears to be relatively simple and structurally
efficient, although some modifications to the advanced
Pioneer orbiter vehicle are required in order to accom-
modate the tanks at the desired location., Analysis

of the overall effects of substituting toroidal tanks
for spherical tanks in the proposed spin-stabilized
spacecraft is not within the scope of the present
study.
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INTRODUCTION

Toroidal tanks are being considered for incorporation
in a retropropulsion system to be coupled with the
Pioneer spacecraft for performing Jupiter and/or Saturn
orbiter missions. Vehicle spin stabilization would be
accomplished with the current Pioneer monopropellant
propulsion system, while the toroidal-tank bipropellant
system would be used for midcourse correction and the
Jupiter/Saturn orbit insertion and trim burns. Since
the spacecraft is spin stabilized, toroidal tanks offer
potential advantages in regard to packaging, center-of=-
mass control, and propellant expulsion interactions.

The objective of the study was to determine the feasi-
bility of developing a combined toroidal tank/surface
tension propellant acquisition system for a spinning
spacecraft, In particular, the feasibilities of fabri-
cating the toroidal tanks and of supplying gas-free
liquid from the tanks during specified mission oper-
ations were to be evaluated. A comparison of the mass
of toroidal tanks with that of spherical tanks was also
to be made.

Prior studies have shown passive surface tension £ /stems
to be superior in a number of applications over other
propellant acquisition methods for providing gas-free
liquid on demand (Ref 1 through 5). This acquisition
method is being employed for the Viking Orbiter 1975
interplanetary spacecraft (Ref 6). Most of the exper-
ience has been with 3-axis stabilized spacecraft using
earth-storable propellants; capillary systems have been
developed and flight-qualified for Transtage, Agena,
Apollo SPS and LEM, Mariner 9, and Viking Orbiter 1975.
Surface tension systems have also been used on several
target drones, have been applied to an air-launched
packaged liquid missile (Ref 7), have been studied, and
subsequently selected, for the Space Shuttle (MS and

RCS (Ref 8 through 10), and have been selected for the
Space Tug (Ref 11), These systems have also been de-
signed, fabricated, and tested for cryogenic propellant
applications (Ref 12 through 14). However, the use of

a surface tension system with toroidal tanks in spinning
gpacecraft requires further evaluation.

The six-month study, including distribution of the final
report, was accomplished in three tasks, as shown by the
program schedule in Figure 1., Task 1, begun in March
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1973, was devoted to gathering system and mission cri-
teria. The results of this activicy were assembled into

a design criteria and study guideline document (Ref 15)

to complete Task 1. These criteria were updated throughout
the program to ensure relevancy and are presented in
Chapter II. Pertinent information on propellant pro-
perties and material compatibility is included.

Task 2 was begun in April 1973 to define and evaluate
surface tension propellant acquisition concepts,
Various concepts were considered and candidate systems
were defined. Concept evaluation considered various
aspects of fluid behavior in a spinning toroidal tank,
including propellant orientation, slosh, pressure drop
during outflow, number of tank outlets, and expulsion
efficiency. Base? on the evaluation, the preferred
toroidal-tank surface tension system was selected.
This effort is discussed in Chapter II1I.

Under Task 3, both the feasibility and capability of
fabricating toroidal tanks were assessed, Weight and
cost comparisons were made with an equivalent spherical
tank system. A preliminary design of a combined toroidal
tank/acquisition system was prepared. The Task 3 work,
including the tank system desien, is presented in

Chapter 1V.

Conclusions and recommendations resulting from the study
are presented in Chapter V. References are contained
in Chapter VI,
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MISSION CRITERIA AND STUDY GUIDELINES

The baseline mission criteria used in the tcioidal
tank study were derived from a typical Jupiter orbiter
mission as might be performed by a Pioneer-type space-
craft. Mission tireline, operational sequence, anc
acceleration envircnments were obtained from NASA-ARC
and ‘rom data presented in Ref 16, The bipropeliant
propulsion system supplies impulse for major space-
craft velocity changes only. Attitude and precession
maneuvering requirements are provided by the Pionecr
monopropellant (hydrazine) propulsion system. The
mission criteria and propulsion system requirements,
originally published in Ref 15, are presented in this
chapter, Propellant properties important to the design
o. surface tension devices and compatibility of the
propellants with materials of construction are also
included.

MISSION OPERATIONAL SEQUENCE

For the baseline mission, the main (AV) propulsion
system will perform one midcourse correction and five
major velocity changes for insertion and maneuvers in
Jupiter orbit. Because of the vehicle spin stabil-
ization, the propellant is subjected to a continuous
but variable acceieration field., During cruise phases
of the mission, the vehicle will spir at a rate of 4.8
rpm. This spin rate will be increased to 10 rpm just
prior to firing the propulsion rv3tem to minimize atti-
tude changes resulting from center-of-mass offsets and
thrust misalignments. Following firing, the vehicle
spin rate is lowered to 4.8 rpm for cruise. Prior to
and after certain main engine firings, the vehicle spin
axis orientation must be changed by means of the atti-
tude control system, These attitude changes, together
with the spin-rate change, impose accelerations that
will affect propellant orientation. After entry into
Jupiter orbit, the vehicle spin rate will be reduced
to a minimum value of 2 rpm for science imaging re-
quirements, A summary of these required operations,
the system performing the operation, and the time of
occurrence during the mission is presented in Table 1.

Propellant requirements for the six burn mission are
presented in Table 2, These requirements are based on:
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1) Total velocitv changes = 2000 m/sec (6562 ft/sec);
2) Initial spacecraft mass = 938.5 Xg (2069 lbm);
3) Engine thrust = 418 n (94 lbf); and,

4) Engiue specific impulse = 2860 ..~sec/Kg (292 lbf-
sec/lbn).

PROPULSION REQUIREMENTS

The main (AV) propulsion system is a bipropellant
system employing monomethylhydrazine (MMH) fuel and
nitrogen tetroxide (N204) oxidizer. The engine pro-
duces 418 newtons (94 1lbg) thrust at an oxidizer to
fuel mixture ratio of 1.65. This mixture ratio results
in equal volume propellant tanks. Table 3 presents the
pertinent engine system data together with the propel-
lant tank requirementgs. Tank operating pressure is
regulated to 155 n/cm? (225 psia); the normal operat-
ing temperature is 21°C (70°F) with an allowable range
of 7 to 32°C (45 to 90°C). A minimum ullage volume of
4% at the maximum propellant temperature of 32°C {90°F)
was used to determine tank volume,

Two ideatical 0.214-m3 (7.58-f£t3) toroidal tanks are
employed, one for fuel and one ior oxidizer. Imnstal-
lation of the two toroidal tanks into an envelope allo-
cated for four spherical tanks of approximately equal
volume (Ref 16) is shown in Figure 2.

ACCELERATION ENVIRONMENT

The acceleration environments to be expected during each
phase of the mission are presented in Table 4. The
system is launched by a Titan IIID(5)/Centaur/TE364-4
system. The boost accelerations shown are the maximum
values that could be obtained.

During operation of the TE364-4 stage and subsequent
miszsion operations, the toroidal tanks will be sub-
jected to a continuous centrifugal acceleration re-
sulting from the spin stabilization process, Such
acceleration levels are those experienced at the
center of the toroidal tank circular cross-section.
Steady-state spin rates of 60 rpm are experienced dur-
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Table 3 Propulsion System Criteria

Engine System

Thrust, newtons (lbf)

Specific Impulse, n-sec/Kg(lbf-sec/Ibm)

Propellants Fuel
Oxidizer

Mixture Ratio (oxidizer to fuel)

Flow Rates Kf/sec (lbm/sec)
Oxidizer
Fuel
Total

418 (94%)
2860 (292)

Monomethylhydrazine

Nitrogen Tetroxide

1.65

0.091 (0.200)
0.055 (0.122)
0.146 (0.322)

Propellant Tanks

Fuel

Oxidizer

Shape
Total Volume, m3(ft3)V = Zfrzrzk
Dimensions, m (ft)

Major toroidal radius, R

Minor toroidal radius, r
Operating Pressure, n/cmz(psia)
Tempergture, °C(OF)

Range

Nominal

Ullage volume % (at maximum
temperature)

Propellant mass, Kg (lbm)
Spare Propellant, %

Torus
0.214 (7.58)

0.458 (1.505)
0.154 (0.505)
155 (225)

7-32  (45-90)
21 (70)

4
178 (392)
5.5

Torus

0.214 (7.58)

0.458 (1.505)
0.154 (0.505)
155 (225)

7-32  (45-90)
21 (70)

4
294.2  (648)
5'5
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(Ref 16)
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Table 4 Acceleration Environment

Function Acceleration (g)
Boost
Axial +9.3, <3.5
Lateral +3.9, -3.9
Spin (w = 60 rpm)* 1.85
Steady State Spin (Centrifugal)®*
Cruige (w = 4.8 rpm) - 0.012
During attitude and AV changes 0.0515
(@ = 10 rpm)
During imaging operations 0.0021
(w= 2 rpm)
Spin/Despin Operations (tangential y* 4,9 x 10-4
Precession Maneuversk*
(Maximum rotation of tank about 0.03 per

vehicle center of gravity)

thruster pulse¥*

AV Corrections (axial)

0.045-0.091

* Based upon a radius from the vehicle spin axis to the center

of the torus cross-section.

*% Based upon a radius from the vehicle center-of-gravity

to the center of the torus cross-section,

***Thruster pulse duration is 0.125 seconds.
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ing the terminal phase of the boost vperation by the
TE364-4. Following boost, spin rates of 2, 4.8, and 10
rpm are employed by the spacecraft, depending on the
operation being performed. During changes of spin
rate, the spin control thrusters of the attitude con-
trol system produce tangential accelerations of 4.9 x
10'43 at the tank cross-section centers.

The precession-maneuver acceleration, assuming negli-
gible nutation and wobble effects, is based on the
following:

1) Spin axis is precessed 2.62 x 1073 radians (0.15
degrees) in 0.125 seconds of thruster pulsing; and

2) Rotation of spin axis is about the vehicle center-
of-mass in one plane only.

The accelerations produced by the propulsion system
vary from a minimum value of 0.045g at the start of
the mission to a maximum value of 0.091g at the end
of the mission (assuming all propellant including the
spare is consumed)., These AV accelerations are
assumed to act along the spacecraft spin axis.

PROPELLANT PHYSICAL PROPERTIES

The propellant properties important to the design of a
surface tension propellant acquisition system are
density, surface tension, and viscosity. Values of
these properties are listed in Table 5, (Ref 9).
Variation of these properties with temperature must

be considered; the effect of pressure is small and

can be neglected. MMH has a surface tension 25%

higher than that of N204. The kinematic surface
tension (¢/p) is usually of greater interest since,

in any application, body forces will be involved in
addition to capillary forces. MMH has a kinematic
surface tension 106% higher than that of Np0,. MMH
also has a higher viscosity; the kinematic viscosity
(4/p) of MMH is about 3.4 times that of N204. Specific
implications of these differences in physical properties
are:

1) Nz0, has a kinematic surface tension about one-
half that of MMH. This makes it the more diffi-
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Table 5 Properties ~f Propel.:nts at 20°C (68°F)

— o -

Surface lii—nematlc Surface Kinematic
Density, p | Tension, ¢ |Tension, 8 Viscogity, u Viscosity, v

1bf N Y A {1 R T £r?
gm 1lbm | dynes | ft dyne cm7_ 1bm Centipoise | ft~s | Centistoke| s
Propellant | cm3 ft3 |cm x 103|gm x 10° (cp) x 103 | (cs) x 105

Oxidizer
N,0, 1.447 190.2127.4 |1.88 |18.94 2.08 0.421 0.283 | 0.291 0.314

Fuel

MMH 0.880 | 54.9 134.3 12.35 [38.98 4.28 0.860 0.578 | 0.977 1.052

cult of the propellants for a surface tension
system to retain;

2) N704 has the higher density. For a given volu-
metric flow rate, it will produce higher pressure
losses due to change in flow area and friction;

3) MMH has the higher kinematic viscosity. Entrance
losses due to flow through screen will be larger
with this propellant.

The liquid/solid contact angle is another property that
is important to the operation of capillary systems.
This angle, 8, is defined in Figure 3. A liquid that
readily wets a surface, i.e., has a near-zero contact
angle, 1s the most desirable for a capillary system.
Contact angle is independent of pressure and temper-
ature, but is sensitive to the purity of the propel-
lant and the cleanliness of the solid surface. On a
previously-wetted, clean metal surface, the propellants
will have contact angles of 2 degrees or less (Ref 17
through 19).

¥
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E. MATERIAL COMPATIBILITY

An important consideration in the design of propellant
management devices' is the compatibility of the con-
struction materials with the propellants.

To aid in selecting system materials and designing

and evaluating the propellant management devices, avail-
able information was compiled on the long-teiam (10-
year) compatibility of spacecraft materials with the

12
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propellants., Table 6 summarizes this information for
the more commonly used aerospace materials. The infor-
mation was obtained primarily from Reference 20. Com-
patibility of a material with a propellant is based on
the criteria that the material be essentially unaffec-
ted by propellant exposure (negligible corrosion for
metals and negligible loss of physical properties for
nonmetals) and that it should not significantly affect
either the physical properties or the stability of the
propellant. Reference 20 should be consulted for a more
detailed discussion of propellant/material compatibility.

lable 6 Long-Term Material Compatibility )

Propellant )
Material 0 T
2°4 -
Aluminum
1100, 2219, 6061 B A
Stainless Steel ‘
304, 321, 347, 316 B A N
6A -4V Ti A A
Nonmetals
Teflon
Kel-F C c
EPR
Legend: A - Good E
B - Acceptable .
C - Undesirable %

14
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The purpose of aay propellant acquisition system is to
provide gas~free liquid propellant to the engine, on
demand, regardless of the orientation of the propellant
bulk, Several different propellant acquisition system
concepts have been studied, evaluated, and compared
under NASA-funded programs (Ref 1 and 3). The con-
clusions reached during both of these programs was

that surface tension propellant acquisition systems
offered the best approach to propellant control for
earth orbital missions as well as deep space interplan-
etary probes. The features making the surface tension
systems most attractive are the completely passive oper-
ation (no moving parts), simplicity in design, higl re-
liability and light weioht. Subsequent to the two pre-
viously mentioned comp ative evaluations, additional
contractual and Martin Marietta-sponsored programs have
been conducted to analyze, design, fabricate, test, and
qualify surface tension propellant acquisition systems
(Ref 4, 5, 6, 9, 12, 13, 14, 20, 21). 1In general, these
programs have been concerned with three-axis stabilized
spacecraft; none have considered a spin-stabilized
spacecraft. Also, the surface tension propellant ac-
quisition system designs have been primarily concerned
with either spherical or cylindrical tanks . . . not
toroidal tanks. In this study, the impacts of both spin
stabilization and toroidal propellant tanks are con-
sidered in the evaluation and selection of the pre-
ferred surface tension propellant acquisition system.

OPERATIONAL PRINCIPLES

The operation of a sucface tension propellant acqui-
sition device depends on the interaction of the liquid-
gas interface with the device., The small pressure
difference across the liquid-gas interface can be used
to retain, orient, and distribute propellant within

the tank. In order to utilize this pressure difference,
certain operating principles must be considered.

Pressure Retention

A pressure differential exists at any curved liquid-gas
interface due to intermolecular forces. Termed the

15
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capillary pressure differential, this is the maximum
pressure difference that may exist across a stable
interface. The capillary pressure differential,AP., at
any point on the interface can be expressed as follows:

Ap_ - a(%—+;—) (1)
1 R

where ¢ is the liquid surface tension and Ry and Ry are
principle radii of curvature of the interface. For a
spherical interface, R} and Ry are equal, so that

APc = = (2)

where Rg is the spherical surface radius of curvature.
The capillary pressure difference can be related to a
dimension (other than the radius of curvature) such as
a pore radius, R, and a second parameter, the liquid-
to-solid contact angle, . Equation (2) can be ex-
pressed in terms of these parameters as follows:

APc = ZL;‘Q_SL, (3)

The capillary pressure difference for a circular pore,
as in a perforated plate, and a given fluid can be
calculated from Equation (3). For pore geometries other
than circular, the capillary pressure difference is more
accurately determined empirically. The accepted tech-
nique is the "bubble point" method. Foraminous material,
such as fine mesh screen whose complex pore dimensions
are not easily defined, is covered by a thin layer of
liquid, usually alcohol, and its underside pressurized
with air or nitrogen. The pressure difference at which
the first bubble passes through the material is termed
the bubble point (BP), This bubble point is the capil-
lary pressure difference or the pressure-retention capa-
bility of the material. The pressure-retention capa-
bility for various screen mesh sizes, as determined by
Martin Marietta using the BP technique, is presented in
Table 7. Pressure retention for the material in other
liquids may be obtained by the following relation:

16
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Table 7

Screen Pressure Retention Data

Screen Material

Bubbi. Point, BP,

mm (in.) of H,0

Screen
Mash

As-Received

Alultrasonically
Vapor-Degreased

Cleaned

Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Stainless Sreel
Stainless Steel
Aluminum

Aluminum

Aluminum

Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Stainless Stesl

Stainless Steel

1200x1400

30x30
50x50
80x80
100x100
S0x150
200x200
120x120
30x250
200x1400
24x110
30x250
80x700

165x800

250x1370

325x2300

17.3
{0.68)
30.2-30.5 [2]
(1.19-1.20)
44.5-45.7 (2]
(1.75-1.80)
55.9-57.9  [4]
(2.20-2.28)
69.3-81.3  [4]
(2.73-3.20)
95.3-116.3 [11)
(3.75-4.60)
52.3-56.9
(2.06-2.24)
63.5-68.6  [6]
(2.50-2.70)
414.0-416.6 [2)
(16.30-16.40)
50.5-53.1 [5]
(1.99-2.09)
65.5-53.1  [5])
(2.58-2.65)
161.8-164.6 [5]
(6.37-6.48)
198.6-210.8 [17]
(7.82-8.30)
424.2-442.0 [18)
(16.70-17.40)
535.9-579.5 [12]
(21.10-22.83)
629.9-679.5 [18]
(24.80-26.75)

(2]*

(13,

17.3-17.5 {3]
(0.68-0.69)
31.0-31.2 (6]
(1.22-1.23)

45.7-47.0 [6]
(1.80-1.85)
55.9-56.4 [5]
(2.20-2.22)
78.7-79.2 [5]
(3.10-3.12)

98.8-111.8 [12]
(3.89-4.40)
55.1-54.8 [16]

(2.17-2,55)
66.8-68.8 (7]
(2.63-2.71)

(1.96-2.12)
64.5-76.2 {15]

(2.54-3.00)
64.5-76.2 (6]
(6.28-6.36)
200.7-209.0
(7.90-8.23)
424.2-432.8
(16.70-17.04)
528.3-563.9
(20.80-22.20)
638.8-670.6
(25.15-26.40)

[14)
[15]
[13]
(16]

———

199.4-207.3 [15)
(7.85-8.16)
433.8-438.2 [17]
(17.08-17.25)
543.6-569.0 [20]
(21.40-22.40)
655.8-678.2 [21]
(25.82-26.70)

*Numbers in brackets are the number of samples tested in methanol.
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ag
(BP), = 53 (BP),, %)

where the subscript 1 refers to the liquid in question
and tl refers to the test liquid.

Hydrostatic Interface Stability and Shape

Two other considerations influencing the design of a
surface tension system are the stability and shape of
the propellant liquid-gas interface under the influence
of the acceleration environment. The stability of the
liquid-gas interface primarily determines the ability
of a capillary barrier, such as perforated plate or
screen, to maintain a separation of liquid and ullage
gas in the propellant tank., The stability of the inter- ¢
face in capillary barriers has been shown to correlate
with a dimensionless parameter called the Bond number
(Bo), a dimensionless ratio of body forces to capillary
forces:

Bo =~ = 7;‘ (5)

where p is propellant density, ¢is propellant surface
tension, a 1s system acceleration, and L is the system
characteristic dimension.

et . T

For a perforated plate with circular pores, the char-
acteristic dimension is the pore radius. It has been
shown experimentally (Ref 22) that the pore liquid-gas
interface is stable for Bo equal to or less than 0,84.

Drop tower tests have also shown that the liquid-gas
interface in square weave screen is stable if the Bond
number is equal to or less than 0.45 (Ref 22).
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The second congideration is :oncerned with the shape

and orientation of the liquiu-gas interface of the pro-
pellant mass in the tank, The liquid-gas interface
shape in spherical and cylindrical tanks has also been
shown to correlate with the Bond number. The character-
istic dimension in this case is the tank radius, Work
performed at Marshall Space Flight Center indicated

that a Bond number of 50 or greater results in an
esgsentially flat interface at all propellant volumes

18
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for spheres, cylinders, and similar axisymmetric con-
tainers (Ref 23).

Capillary Pumping

One attractive feature of surface teusion systems is
the possibility of pumping preoellant from one location
in the tank to another by capillary asction. This can bz

accomplished in low-g environmen’ “.ere capillary
forces exceed all other forces = on tne liquid.
A surface tension device can red 2 pressure ¢
the liquid adjacent to and withic Jevice to a

value lower than the pressure of the iiquid located
away from the device. This low-pressure regioa will

be created when the device causes the curvature of the
interface about the device to be large (smail radius of
curvature) in comparison to the curvature of the liquid
elsewhere in the tamk. As a result, liquid will flow
toward the device until the pressure throughout the
tank reaches equilibrium,

CANDIDATE CONCEPTS

In selecting >andidate concepts for the spinning toroi-
dal tank system, the entire spectrum of surface teasion
devices was considered.

In general, surface tension devices can be divided into
two categories--devices that use fine-mesh screens and
those that Ao not. The devices that do not use snreony
use open sheet-metal structures to orient aud retain
the liquid. The characteristic dimension of the capil-
lary system, pore size, is the significant parameter
that differentiates the two concepts, Screen systems
can have pore sizes as small as 10 microns (4 x 107
in), while a practical pore size limit for a sheet metal
baffled tank device is on the order of 2 cm (0.79 in).
Since the pressure-rc.cention capability is related to
pore size, the acceleration environment in which the
system can operate also depends on pore size. There-
fore, the screen systems can operate over a wide range
of accelerations, but sheet metal, baffled-tank systems
will operate only in a low-g ervironment.

The nonscreen systems use capillary pumping and other
low-g fluid mechanics phenomena to orient the liquid.
Typical systems require g-levels less than 10'43 to
be operable.
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The minimum acceleration to be experienced in the spin-
ning toroidal tank was obtained from the mission cri-
teria as 2.1 x 1“'3g, which would orcur during imaging
operations at a spin rate of 2.0 rpm. Since this g-
level is approximately 20 times greater than the value
that can be tolerated by the concepts employing sheet
metal structures, these concepts are not attractive for
propellant control in a spinaing torus. Only systems
employing fine-mesh screen will provide the retention
capability to keep propellant properly oriented, i.e.,
maintain a stable liquid-gas interface within the
system in the mission acceleration environment.

Screen systems can take many forms, each with its own
unique capabilities and performance. However, all
screen devices function essentiall; tne same--they
position a volume of liquid at a specified location

in the tank.

In defining screen system concepts for a spinning
toroidal tank, prelimiuary esctimates were made of the
shape and orientation of the propellant liquic-gas
Interface as a function of both acceleration an” propel-
lant remaining. The liquid-gas ‘aterface shape and
orientation influence the design and geometric ar-
rangement of the propellant acquisition device and

tank outlet location. Bond numbers were calculated
during spin operations, using torus minor radius as

the characteristic dirension. At 10 rpm, the calcu-
lated Bond number was greater than 50 for both tanks,
while at the lowest spin rate (2 rpm), the correspond-
ing Bond numbers were less than 40. Since the space- L
craft is always spun up to 10 rpm before firing the '
AV engine, it was concluded that the liquid-gas inter-
face in each tank would be nearly flat prior to and during
each burn period. This conclusion was based on the
assumption :hat Bond number criteria for spheres and
cylinders were also applicable to toroidal tanks. This
assumption was subsequently verified by a more rigorous
analysis discussed in a later section.

Prior to starting a burn neriod, the liquid-gas inter-
face would be normal to the centrifugal acceleration
resulting from spin. When the AV engine is started,
the interface would move, neglecti’ ¢ slosh effects,
until it reached a positicn essentially normal to the
acceleration vector resulting from combined axial
thrusting and spinning. Figure 4 illustrates the
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Figure &

Interface Orientation at the Beginning and End of
3rd, 4th, 5th, and 6th Burn Periods
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relative positions of the interface at the beginning
and end of the 3rd, 4th, 5th and 6th burn periods.
From this figure, it appeared that the tank outlet
could not be located so that it would always remain in
contact with propellant and, at the same cime, insure
complete emptying of the tank. Thus, some means of
supplying propellant to the outlet was required.

As discussed previously, only screen devices possess the
requisite pressure-retention capability to ensure de-
livery of gas-free liquid from the tack under the
mission accelerations. Screen devices can be arbi-
trarily divided into two general categories--traps and
liners. The trap positions a volume of liquid directly
at the tank outlet in the form of a reservoir. This
volume is sufficient to supply engine requirements
until the propellant bulk is settled at the outlet to
maintain the required flow rate. The liner, in the
form of a complete liner or separate flow channels,
positions the liquid to form a flow annulus or communi-
cation chanrel to the tank outlet,

Traps are most practically applied in tanks of cylin-
drical or spherical shape where the main propellant
bulk tends to settle in the vicinity of the outlet.
In a spinning torus, however, the propellant is
initially distributed along the ~ “er wail and settilas
in a distributed fashion around :ae bottom of the torus
after the engine starts. As a result, some means of
communicating between the distributed propellant and
the outlet is required. For this reason, a total
communication, flow-channel-type system was considered
for this application.

In considering the tank outlet location, the orientation
of the propeliant interface at the end of the sixth
burn indicated that the outlet, or outlets, should be
positioned in the lower outside quadrant of the tank,
approximately 0.524 radians (30°) from vertical. Lo-
cation of the outlet, or outlets, in this position
around the tank would allow expulsion of the 67 spare
propellant included in the propellant volume at the

end of the sixth burn, using a ring-shaped flow channel
system with minimum feeder arms.

Fallowing the preliminary evaluation of interface shape
and orjentation, four different fine-mesh screen flow-
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channel and liner propellant acquisition concepts were
established as candidates, as shown schematically in
Figure 5. Configuration 1 consists 'f a fine-mesh
screen liner located in the lower haif of the toroidal
tank along the outer wall. The liner provides a con-
tinuous communication path between the propellant bulk
and one or more tank outlets during all modes of oper-
ation. Configuration 2 consists of a ring of semi-
circular cross-section in the tank, supplying propel-
lant to one or more outlets. Four feeder-arms are
connected to the ring at four equally-spaced locations.
The ring-and-feeder-arm combination forms a continuous
flow path between the propellant bulk and one or more
outlets. For both configurations 1 and 2, the tank
outlet, or outlets, was assumed to be located 0.524
radians (30°) from vertical.

Configuration 3 employs a conical propellant sump at

a single tank outlet displaced 0.524 radians (30°)
from vertical. Propellant is retained in the sump by
centrifugal forces during spinning. A fine-mesh-screen
cover prevents gas ingestion. A ring-channel and four
feeder-arms of square cross-section provide communi-
cation between the propellant bulk in the tank and

the sump. Configuration 4 employs a toroidal tank
with a non-circular cross-section and single or multi-
ple outlets. Tuis cioss-saction iz o combinatrion of

a circle and a triangle forming 2 tear-drop shape.
Orientation of the tear drop with the triangle apex
farthest away from the spin axis allows centrifugal
forces to move the propellant to the region of the
apex. A fine-mesh screen is located in the triangular
section as shown in Figure 5. This screen prevents
gas ingestion and also forms a flow channel in the
tank,

FLUID BEHAVIOR ANALYSIS

Following definition of “he candidate concepts, a
more detailea analysis of fluid behavior in a spinning
toroidal tank was performed in evaluating the candi-
date concepts. In conducting the evaluation, it was
desired to select a system which would minimize both
propellant residuals and spacecraft control require-
ments. An analysis was performed to establish the
location and configuration of the propallant as a
function of miseion events. These data were then
employed in the subsequent analyses together with
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flow-loss data of the surface tension device to establish
the number and location of tank outlets and system ex-
pulsion efficiency. The history oi the liquid-gas
interface orientation was also used in evaluating
propellant slosh, center-cf-mass shift, and effects

of varying spacecraft spin rate. Results of these
analyses a.e presented in this section.

Liquid-Gas Interface Orientation

A Martin Marietta computer program was used to calcu-
late the actual liquid-gas interface shape in a tor-
oidal tank. The computer program, .apable of determin-
ing the interface in any spinning container, was de-
veloped under a company-funded research task, "Low-g
Fluid Behavior and Control." For this case, the
boundary conditions for a toroidal tank were input

into the program.

The program takes into account the liquid-solid con-
tact angle, angular spin rate, axial acceleration,
liquid volume, liquid densitv and surface tension,

and the tank dimensions in determining the interface
shape. The angle of inclination of the interface with
respect to the tank under the combined effects of axial
and centrifugai acceleration was the most significant
information provided by the program. This analysis
also verified previous assumptions regarding the inter-
face shape, such as the Bond number at which the inter-
face is flat.

Computer generated plots of the resulting oxidizer

tank interface shapes are shown in Figure 6 for each
burn period. Similar results were obtained for the
fuel tank. The top row of plots indicates the orien-
tation of the propellant just prior to each burn. At
this time, the propellant is subjected to the acceler-
ations resulting from the spacecraft spinning at 10
rpm. The bottom row of plots indicates the orientation
of the propellant just prior to terminating each burn.
At this time, the acceleration field imposed upon the
propellant is a combination of the 10-rpm spin accel-
eration and the axial acceleration produced by the AV
engine. All interface shapes are essentially flat; the
greatest interface curvature appears to exist during
the first burn where the ullage volumes are the
smallest,
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The computer plots also verify the problem of tank out-
let location discussed previously. At the beginning
of the fifth and sixth burn periods, the orientation
and displacement of the propellant is such that a
gas-free start-up of the engine would be marginal for
the fifth burn and impossible for the sixth, unless
some means of communication between the propellant
bulk and the tank outlet is provided.

One problem that has receivad little previous atten-
tion is ullage bubble breakup during low accelerations.
Two reports (Ref 24 and 25) pertaining to liquid-gas
interface stability under zero-gravity conditions in
toroidal tanks were found. Test results in these
reports indicate that, at low liquid volumes (less

than 507 liquid), the liquid moves to a position on

the tank wall away from the toroidal axis while the

gas occupies the wall nearest the axis. The gas vol-
ume was uniform around the inside of the torus. How-
ever, at larger liquid volumes, the toroidal gas cavity
tended to be displaced from the symmetrical orientation,
formirg one or more bubbles shaped as toroidal segments
with hemispherical ends. These results indicate a
possible instability problem in orientation of the
ullage bubble; however, the tests were conducted under
zero-gravity conditions in a drop tower., In a spinning
torus, the inherent centrifugal acceleration would tend
to promote uniform distribution of all fluids and re-
duce the potential for bubble breakup. Further study
is indicated. A stability analysis including bench
testing, should be performed to determine the bubble
breakup limits in the spinning torus.

Tank Qutlet Analysis

It is desirable to minimize the number of tank outlets
for several reasons. First, multiple outlets require
increased tank shell weight due to the additional
welding bosses required. The additional number of
welds also tends to reduce the reliability of the tank
system, Tank costs are also increased because addi-
tional operations are required during manufacturing.
Pinally, multiple outlets impose a flow-balance problem.
If ..e pressure drop is not equal in each feedline,

the resultant flow imbalance can induce premature drop-
out (gas ingestion) and increase trapped or residual
propellants.
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The propellant ac isition system can reduce the number
of outlets required. In Section A of this chapter, the
pressure retention capability, or bubble point, of
screen material was defined and discussed. In the oper-
ation of any propellant acquisition device employing
fine-mesh s-:reen, it is necessary that the system oper-
ating pressire losses not exceed the bubble point of
the screen or gas will be ingested. Thus, the bubble
point must be greater than or equal to the total sys-
tem pressure loss, which is composed of elevation,
friction, screen, and momentum losses:

> b
Ar 2 APE+APF+A S+APM (6)
where [&PE = elevation pressure loss = pgh,
2
ApP_ = friction pressure loss = AE(L—)(ﬂz—), N
F Dy ZgC
[SPS = screen pressure loss = f(VS, screen (8)

mesh)

AP = momentum pressure loss = %(sz - Viz), (10)

and p = propellant density,
g = vehicle acceleration,

h = static height of propellant supported by the
screen,

f = friction factor in flow channels,
L = length of flow channel,
Dh = hydraulic diameter of flow channel,

V = propellant velocity in channel,

VS = propellant approach velocity to screen,
Vf = propellant velocity at outlet of channel,
Vi = propellant velocity external to flow channel.

Considering the four component pressure losses making
up the total pressure loss, it can be seen that the
friction, screen, and momentum pressure losses are all
dependent on propellant velocities, To reduce these
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three pressure losses, a reduction in propellant
velocity would be required. Use cf multiple outlets
would reduce propellant velocities in the commuri-
cation channels and, therefore, reduce total system
pressure loss.

To evaluate the need for multiple tank outlets, the
system pressure loss in the propellant communication
ring of configuration 2 was evaluated sin.e this con-
figuration would have the most severe pressure losses
of the four candidate configurations. The following
agsumptions were also employed in the evaluation:

1) Single outlet employed in tank;
2) Ring cross-section is semi-circular;

3) Screen pressure loss is calculated from Armour-
Cannon relation (Ref 26);

4) Screen surface area is 507, of circular surface
of ring;

5) Friction pressure loss in ring is based on
Moody pipe friction factor;

6) Fluid velocity in ring is constant; and,
7)  Outlet is located 0,524 radians (30°) from vertical.

The geometric arrangement and pertinent dimensions
assumed in the analysis are shown in Figure 7. The
results are shown in Figures 8 and 9 for the oxidizer
and fuel systems, respectively. Pressure drop across
the screen at the tank outlet, Pg - Py, where Pg is
the ullage gas pressure and Py is the liquid pressure
inside the channel {s shown as a function of the height
of screen exposed to the ullage. Both 200 x 1400 and
325 x 2300 mesh Dutch-twill weave screen were con-
sidered. The screen bubble points in each propellant
are also indicated,

Evaluation of the data presented in Figures 8 and 9
indicates that the system pressure loss is signifi-
cantly less than the bubble point of the screen, except
during the terminal draining phase of the mission. Be-
cause of these results obtained with only one outlet,
no need exists to use multiple outlets. A flow-channel
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surface tension device can be employed to feed one out-
let and will yield a high expulsion efficiency as dis-
cussed next,

Expulsion Efficiency

With any propellant acquisition system concept, i 1is
a design objective tc minimize the quantity of trapped
or unusable propellant. The degree of success is
measured by the expulsion efficiency, defined as the
propellant volume available for use divided by the
total volume of propellant. The difference between
these two quantities is the residual propellant.
Expulsion efficiency, %,, is expressed as:

vT
e = 100 (1 - =5) (11)
v
P
where VP = total propellant volume, and
\l,r = trappad or residual propellant volume.

Expulsion efficiencies were calculated for each of the
four candidate systems assuming a total loaded propel-
lant volume of 0.204 m3 (7.2 ft3). For the first
three candidate systems, the propellant volume re-
tained was assumed equal to the volume of the acqui-
sition device. This volume and the associated expul-
sion efficiency were calculated for each system, using
a pertinent dimension for each system as a variable.
The dimensions used for the systems were:

Configuration 1 - the gap between the liner and
the tank wall,

Configuration 2 - diameter of semi-circular ring
and communication channels,

Configuration 3 - width of square ring and commun-
ication channels.

For Configuration 4, the expulsion efficiency was cal-
culated as a function of propellant height above the
outlet. For this particular configuration, the factor
most controlling expulsion efficiency would be the
propellant dropout or vapor pull-through height of
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the outlet. Previous terminal-draining work was re-
viewed in an aitempt at estimating the dropout heights
to be expected. Ouly one program was found that con-
tained information concerning toroidal tank draining
(Ref 27). Outflow testing during this program was
conducted under static conditions, for the most part,
to evaluate outlet baffle and sump designs. Some
lateral excitation was employed to induce slosh, but
no spinning was considered. For this reason, the
results of this test program were not used in calcu-
lating expulsion efficiency. Instead, the calculation
was based on the height of liquid .2maining in the
tank, Additional analytical and experimental study is
required to evaluate dropout in a spinning toroidal
tank.

The calculated expulsion efficiencies for the candi-
date configuratiors are presented in Figures 10 through
13. For Configuration 1 (Figure 10), a gap of approxi-
mately 0.254 cm (0.1 in) is required to obtain a 99%
expulsion efficiency. Because of the large surface
area of the liner, a small gap is req:ired to minimize
the trapped volume within the liner. While it is
possible to manufacture a liner with this gap size,

it would be difficult to maintain the gap uniform
throughout the entire liner. Jne possible method of
maintaining gap dimensions would be to use pleated or
corrugated screen material in forming the liner. The
pleats form flow passages and, at the same time, im-
prove rigidity of the liner material. This procedure
has been applied by Martin Marietta to spherical

liners (Ref 4). The same procedure could be applied

to the toroidal liner although some development would
be required for a toroidal shape.

The expulsion efficiency for Configuration 2 is shown
in Figure 11. With this configuration, larger dimen-
sions can be used while still maintaining high expul-
sion efficiency. For example, a 2.54-cm (1.0-in) ring
and communication channel diameter produces an expul-
sion efficiency of approximately 99.5%. Configuration
3 utilizes a propellant retainer ring and communi-
cation channels similar to Configuration 2, except that
a square cross-section was assumed. The addition of
the conical propellant sump penalizes the expulsion L
efficiency of this system (Figure 12). %
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The expulsion efficiency for Configuration 4 is shown
in Figure 13. Assuming that the propellant can be
drained to a level of 2.54 cm (1.0 in), an expulsion
efficiency of 99% can be obtained.

Slosh Analysis

The smaller quantities of propellants in the tanks at
the start of the 4th and subsequent burn periods,
result in the possibility of propellant movement over
a larger distance. Propellant slosh resulting from
AV engine firing could present a potential problem.
Just prior to engine ignition, the propellants are
distributed on the outer wall of the torus due to
spacecraft spin. After the engine is ignited, the
axial acceleration of the spacecraft tends to move the
propellant to the bottom of the tank and on up the
inner wall. To evaluate the slosh problem, a simple
two-dimensional pendulum model was developed, as

shown in Figure 14. The propellant mass, M, was
assumed to move as a solid mass along the torus wall
in response to the centrifugal force due to spin and
the axial force due to spacecraft acceleration (AV
firing). These forces are designated as Fp and Fp,
respectively (Figure 14). 1In addition, a retarding

or drag force due to skin friction, Fp, was assumed

to act on the propellant mass, The centroid of the
propellant mass was assumed to rotate about the center
of the torus cross-section with radius, r, which is
the pendulum arm, It was also assumed that r did not
change with the position angle, ¢. Other symbols used
in Figure 14 are:

w = gpacecraft spin rate,

r = torus minor radius,

R = torus major radius,

Fe = thrust produced by AV engine along spacecraft

spin axis.

Applying Newton's second law, a force balance was
developed to describe the motion of the mass, M:
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where t = time.

This differential equation was solved numerically on
the CDC 6600 digital computer for the oxidizer tank
during the sixth burn period. Fxpressions for Fp

and Fp were developed in terms of 9 and t. Fp was
calculated from the engine thrust, F,, and the space-
craft and propellant masses. The propellant mass, M,
was assumed to be oriented initially at a position,
@, of /2 radians (90°). Values of ¢ versus time, t,
were plotted by the computer system and are presented
in Figure 15. From this plot, it is obvious that the
effect of skin friction alone is not sufficient to
adequately damp fluid oscillations during the sixth
burn since the length of the burn period is only 34
gseconds. However, these results are conservative
since the model assumes the propellant moves as a
solid mass and, therefore, does not include internal
propellant friction which would also tend to damp the
motion,

To evaluate the slosh-damping effect of the propellant
acquisition device, the analytical model was modified
to include the drag effect of a propellant retaining
ring in the bottom of the propellant tank. The ring
was 2.54-cm (1.0-in) square in cross-section. The
slosh-damping effect of the propellant acquisition de-
vice is shown by comparing the result obtained with the
device (Figure 16) with that obtained without the de-
vice (Figure 15). 1t is seen that inclusion of the
propellant retaining ring can significantly influence
propellant motion, i.e., reduce slosh baffling re-
quirements.

Center-of-Mass Control

Propellant distribution in a toroidal tank spinning

at rates congidered here is inherently uniform and
predictable because of the centrifugal forces present
and the symmetry of the tank, This uniform distri-
bution was demonstrated by the previously discussed
analysis of liquid-gas interface shape and orientation,
Spacecraft control can be simplified and its stability
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maintained if uniform propellant distribution can be
provided. A propellant acquisition system, which
retains some propellant mass, should be designed to
distribute the retained propellant symmetrically about
the tank spin axis. Configurations 1, 2, and 4 of the
candidate concepts are symmetrical in design and,

therefore, tend to promote uniform propellant distri-
bution.

5 Another factor influencing propellant distribution is
the effect of spin-rate changes. Propellant pertur-
bations similar to the slosh behavior discussed in
the previous section can occur during spin-rate
changes. To minimize the effect of these pertur-
bations, radial baffles could be installed across the
torus section. These baffles would maintain upriform
propellant distribution during increases or decreases
in spin rate. Baffle requirements are reduced by the
action of the feeder-arm channels included in the
design of configurations 2 and 3. The feeder arms
transmit tank spin-rate changes to the propellant mass
in the same manner as a baffle. Since the feeder arms
are symmetrically placed in the toroidal tank, they
would also tend to maintain uniform propellant distri-
bution.

s

D, SYSTEM SELECTTON AND DESIGN
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Selection of the preferred propellant acquisition system
for the toroidal tank was actually performed in two
steps. First, the four candidate concepts were eval-
uated and compared on the basis of 'information obtained
from the fluid behavior analysis. The candidate con-
cept selected from this evaluation was then further
analyzed and modified to improve toroidal tank system
operation.

' 1. System Selection Considerations

The candidate concept selected was configuration 2

of Figure 5. This configuration provides a high ex-
pulsion efficiency without significantly influencing
the toroidal tank configuration. Higher expulsion

] efficiency could possibly be provided by configuration
4. However, this configuration would require an ex-
tensively modified, non-circular cross-section tank
which would be heavier and more difficult and ex-
pensive to fabricate,
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In regard to slosh control, the propellant retaining
flow-channel rings iacluded in both configurat uns 2
and 3 prcvide a significant damping effect on . he pro-
pellant motion. This effect can be used to minimize
the tank baffling required to reduce slosh. 1In a
similar manner, the feeder-arms of these two configur-
ations act as baffles to minimize the effect of spin-
rate changes on propellant distribution. However, con-
figuration 2 is preferred because it is completely
symmetrical. The propellant sump of configuration 3
inherently produces some unsymmetrical propellant
distribution which would slightly affect the space-
craft attitude control requirements. Propellant slosh
or distribution would no+ be a problem in configuration
4, since the propellant would generally be located at
the apex of the triangular par: of the cross-section.
At most, a few simple baffles would he required.

A relative weight estimate was made for the acquisi-
tion systems in configurations 1, 2 and 3. It was
assumed that the devices were constructed of 300-series
stainless steel screen and perforated plate. The re-
sulting weights were:

Configuration 1 2,6 1bm
Configuration 2 1.0 1bm
Configuration 3 2.1 1bm.

These weight differences are not great and are, in
general, attributable to the amount of fine-mesh
screen used in the concept. Configuration 1, the
liner concept, uses the largest quantity of screen,
Configurations 2 and 3 both utilize propellant re=~
tainer rings and communication channels, The cross- .
section assumed in configuration 2 was semi-circular i
as opposed to square in configuration 3, Therefore, ?
the screen surface area in configuration 2 is less, 3
making this the lightest system, The conical sump 3
added to the weight of configuration 3. Because of 4
the extensive tank modifications for configuration 4, 3
this system would be much heavier, %

In summary, configuration 2 was selected as the pre-

ferred propellant acquisition sys‘em because of the
following factors:
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1) Good expulsion efficiency;

2)  Uniform propellant distribution during all
mission phases;

3) Good slosh damping;
4)  Low mass; and
5) No neced to modify tank geometry,

Selected System Design

Following its selectinn, the configuraticn 2 covcept

was reviewed to determine whether any modifications to
meet operational requirements or to ease fabrication
problems were desirable and feasible. As a result,

the tank outlet was relocated to the bottom of the tank
from the previouz 0.524-radian (30~degree) displacement.
This change simplified prcpeliant draining on the launch
pad in the event of an aborted launch, With the outlet
displaced 0,524 radians, a small_quantity of oropellant.
approximately 5.7 liters (0.2 ft?), could not be drained
from the tank. Relocation of the outlet allcws complece
tank draining on the launch pad. An increase in feeder-
arm length of approximately 7.0 cm (3.0 in.) was re-
quired. This increase in length did not increase the
propellant static pr- sure which must be supported
sufficient to overcome +he bubble point of the screen
material in either propellant, i.e¢., cause premature

gas ingestion into the propellant acquisition system

in either tank.

A second design modification resulting from the review
was a change in cross-sectional shape of the retainer
ring and communication channels, The original con-
figuration used a semi-circular cross-section, This
would reauire forming screen surfaces of copot .u
curvature which are more difficult te fabricate. For
this reason, an alternate approach using ring and
compunication channels of square cross-section was
selected. With this configuration, only single-
curvature screen surfaces, which are easy to form,
are required.

The final design of the selected propellant acquisition
system consisted of four communication chzanels, spaced
7/2 radians (90 degreer) apart, feeding a propellant-
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retaining ring in the bottom of the tank which supplies
propellant to a single outlet. Figure 17 iilustrates
the concept as it would be installed in the toroidal
tank. The cross-section for both the ring and thz
communication channels is 2.54-cm (1.0-in.) square,
vhich provides an expulsion efficiency of 99%. The
ring and channels are fabricated from 325 x 2300 mesh,
Dutch-twill weave stainless steel screen supported by
pe~ orated stainless steel plate, having a 50 percent
open area. The design is applicable to both the oxi-
dizer and the fuel tank, since the tanks are identical
and otheir considerations such as flow losses, slosh,
and propellant properties do not indicate the need for
different ovidizer and fuel designs.

A pressure-drop analysis was performed on the selected
system to verify system stability. If the difference
between the ullage gas pressure and the liquid pressure
inside the retaining ring at the tank outlet, P; - P,
was less than the screen bubble point, Z&PC, the system
would be stable. In order to be conservative in the
calculation of the pressure difference, the following
worst case assumptions were made:

1) Maximum propellant flow was established before
AV engine thrust started;

2)  All of the propellant flow was supplied through
the communication channel farthest from the
outlet;

3) Spacecraft spin rate was 10 rpm;

4)  Propelliant conditions were those at the start
of the sixth burn.

The calculated pressure difference~ for both the oxi-
dizer and fuel systems are tabulate. together with the
screen bubble points. An operating margin, defined

as the ratio of the bubble point, AP., to the pressure

c
difference, P; - Py, is included.

Oxidizer Fuel
Pressure difference,
Pq - Py, n/cm?(psi) 0.317(0.46)  0.626(0.91)
Bubble point, AP, :
n/em? (psi) 0.757(1.1) 0.964(1.4) :

P
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Oxidizer Fuel

AP,
2.39 1.54

Uperating margin, —m—————
P ’ (Pg - Pyp)
These results indicate a reasonable operating margin in
each case and, therefore, the system will be stable and
will provide gas-free propellant to the engine on demand.

One other aspect of system stability to consider is the
maximum spin rate that the propellant-retaining ring and
communication channels can tolerate ard still retain pro-
pellant, If the spacecraft should overspeed during the
spin-up phase prior to a AV engine ignition, static
pressures within the ring and communication channels in
excess of the bubble point could be developed from the
resulting high centrifugal accelerations. If the bubble
point should be exceeded, the ring and communication chanaels
would lose propellant and, at the same time¢ ingest pres-
surant gas to subsequently degrade operation of the AV
-ngine., An estimate was made of the spacecraft spin rate
required to produce static pressures across the screen
sufficient to exceed the bubble point of the screen and
cause gas ingestion into the channel. The length of the
channel determines the maximum height of propellant the
screen must support during spinning. This height in
combination with the measured screen bubble point de-
termines the spin rate required to produce gas ingestion,
Calculations were made for both the oxidizer and fuel
tanks for the selected system geometry in Figure 17,

An oxidizer tank spin rate of 76 rpm and a fuel tank

spin rate of 110 rpm would be required to produce liquid
loss from the acquisition system during spacecraft oper-
ation. Since the nominal spin rate established as de-
sign criteria was 11U rpm, there is a siguificant safcty
factor in the selected system design to allow for acci-
dental overspin. The system is non-operational during
boost and is immersed in propellant during that time,
However, even if the device were to be exposed to ullage
gas during the TE364-4 60-rpm spin rate, it would still
retain propellant in a stable fashion with some margin

of safety. The selected system is essentially in-
sensitive to the effects of varying spacecraft spin

rates and can supply gas-free propellant to the engine,
as required throughout the mission,
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Fabrication of a toroidal tank using the lected sur-
face tension propellant acquisition system was eval-

uated in this part of the program. To support the
evaluation, various tank manufacturers were contacted

in regard to fabrication methods, problems, and costs.

The results of these contacts together with tank weights
and budgetary cost estimates for tank fabrication are
presented in subsequent sections. A comparison is made
between the two-toroidal-tank system and a four-spherical-
tank system.

PREVIOUS EXPERIENCE

As part of rhe task, a literature search was conducted

to detemine previous industrial experience in the
fabrication of toroidal tanks. A report prepared by

the Illinois Institute of Technology Research Institute
under Contract NAS7-388 (Ref 28) summarizes tank de-
velopment programs in the aerospace industry over a
period of years. This report identifies four toroidal-
tank programs, two of which contain information appli-
cable to this study. One of these two programs con-
cerned the fabrication of a titanium toroidal tank by
Fansteel, Incorporated, for the Hibex system. Although
information regarding the Hibex tank was not published

in the report, Fansteel was contacted and pertinent in-
formation regarding fabrication of the tank was obtained.
The other program was conducted by the Baltimore Division
of Martin Marietta Corporation for the Langley Research
Center under Contract NASw-913 (Ref 29)., During this
program, a toroidal tank was fabricated from 2219 aluminum
by explosive forming. In addition, the Titan III solid
rocket motor thrust vector control system utilizes a
toroidal-shaped manifold for injection of nitrogen tetrox-
ide into the solid motor nozzle. The torus is fabricated
by welding two 6061-T6 aluminum forgings (Ref 30). The
major radius of this torus is approximately 108 em (42.5
in.) and its minor radius is 10.2 ecm (4.0 in.). System
operating pressure is 757 n/cm? (1100 psia) resulting in
wall thicknesses on the order of 1.27 em (0.5 in.).

CANDIDATE MATERIAL SELECTION

Prior to contacting tank manufacturers regarding fabri-
cation methods and costs, three candidate tank struc-~
tural materials were selected on the basis of thei
availability, propellant compatibility, and fab::
cability., These materials were 2219 aluminum, 6%.
aluminum, and 6Al1-4V titanium, which are generally
non-magnetic and are, therefore, satisfactory for the
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proposed Jupiter-orbiter mission. In addition, these
materials have sufficiently high annealing temperatures
to allow sterilization, if required. The maximum
sterilization temperature presently used on Viking is
125°C (257°F). The annealing temperature for the
alumirum alloys is the lowest of the candidate mater-
ials being between 370 and 425°C (700 and 800°F).

For comparison purposes, 304L stainless steel was

also included in the tank fabrication analysis.

Discussions were held with Martin Marietta personnel

in both the Advanced Structures Department and the
Mechanical Design Department in order to define minimum
handling gages for the candidate materials. The follow-
ing thicknesses were suggested as minimum handling gages
for the candidate materials:

304L stainless steel 0.051 cuw (0.020 in,)
2219 and 6061 aluminum 0.064 cm (0.025 in.)
6A1-4V titanium 0.038 cm (0.015 in.)

TANK WEIGHT CQGMPARISON

A tank weight comparison was made between toroidal and
spherical tanks for each of the four materials. Tank
weights were obtained, assuming that membrane stress
theory was applicable for calculating the required wall
thickness. For a toroidal tank, the meridional stress
rather than hoop stress determines required wall thick-
nesses (Ref 31). The meridional stress is given by the
foliowing equation:

Pb r+ a
S =5 (-—;—) (13)

where S is the meridional stress, P is the internal
pressure, and t is the wall thickness. The dimensions

a, b, and r are defined in Figure 18. A toroidal shell
possesses a unique characteristic in that, for a con-
stant wall thickness, the working stress in the shell
varies from a maximum at the innermost points to a
minimum at the outermost points. The noint of maximum
stress is designated '"O" in Figure 18, It is this point
that determines the minimum wall thickness allowable in
a torus of constant wall thickness., An alternate approach
to designing the torus wall is to assume a constant work-
ing stress in the wall. Then the required wall thickness
can vary from a maximum at the innermost points to a
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minimum at the outermost points of the torus. The
variation in wall thickness results in a lighter tank
for the same pressure and volume requirements,

In the weight comparison, calculations were made for
toroidal shell weights for both cases of consta:.t wall
and varying wall thicknesses. For each material, the
minimum wall thickness calculated from equation (13)

was found to be larger than the minimum gage require-
ments discussed previously. Calculations of spherical
shell weights were based on the hoop stress formula.

The required wall thicknesses for the spherical shells
were also greater than the minimum gage for each material.

Working stress for each material was obtained from the
smaller of the ultimate strength or the yield strength
of the material at room temperature divided by an appli-
cable safety factor. The safety factors used were 2.0
on ultimate strength and 1.5 on yield strength in
accordance with aerospace tank design practices (Ref 32
and 33). Th: working stress for the stainless steel
was obtained “-om the yield stress while those for the
aluminum and *icauium alloys were based on the ultimate
strength., The resulting working stresses used in the
analysis are tabulated below:

Working Stress

Material Heat Treat Condition g/cm2 (psi)

304L stainless steel Cold worked 34,400(50,000)
2219 aluminum T-87 23,700(34,500)
6061 aluminum T-6 15,500(22,500)
6A1-4V titanium Annealed 47,500(69,000)

In addition to shell weights, caiculations for tank
clusure welds and 0.64-cm (0.25-in.) diameter inlet
and outlet bosses were made. For the spherical tanks,
the weight of a 15.24-cm (6.0-in,) diameter outlet
flange, similar to that used on the Mariner Mars '71
tank (Ref 34), was included in the weight tabulation.
Material strength in the vicinity of the welds and
bosses was assumed to be the annealed value.

The calculated weights are summarized in Table 8, which
shows the effect of material on tank system weight and
also compares the weight of two toroidal tanks with

the weight of four spherical tanks of equivalent volume.
The comparison clearly indicates the advantage of
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fabricating tanks from titanium, As expected, stain-
less steel results in the heaviest system with the
stainless steel toroidal tank being 2.6 times heavier
than the titanium torus; the stainless steel spherical
tanks are 2.3 times heavier than equivalent titanium
tanks, The lighter aluminum toroidal tank is 1,5 times
heavier than that made of titanium,

Comparison of the weight of the two toroidal tanks with
that of four spheres indicates that the spherical system
is lightest for steel and aluminum materials. However,
for the titanium material, the constant-wall toroidal
tanks are slightly heavier while the varying wall tor-
oidal tanks are slightly lower weight than the four-
spherical-tank system, Comparison of the aluminum tor-
oidal tank weights for constant- versus varying-wall-
thickness designs indicates a l6-percent reduction if

a varying wall thickness is used., Therefore, the weight
differential between the toroidal and spherical tanks
can be reduced approximately 50 percent if the torus

can be fabricated with a varying wall thickness.

TANK FABRICATION

Toroidal tank fabrication considerations included torus
assembly methods, manufacturing processes required,
material selection, and fabrication costs. These factors
were evaluated during Task 3 of the program and are dis-
cussed in the following paragraphs.

Toxus Assembly Methods

Three methods were proposed by which a toroidal tank
could be assembled (Ref 35). These methods use sym-
metrical halves, unsymmetrical halves, or bent tubing,
as shown in Figure 19, In assembling the torus from
symmetrical halves, two identical parts are weld~d
together at the mid-plane normal to the toroidal axis
(Figure 19a), An inner and outer weld joint are re-
quired. The method using unsymmetrical halves (Figure
19b) has a center spool-sectiorn encompassed by a ring of
semi-circular crogss-section, Circular closure welds are
required at the top and bottom of the torus. The third
assembly technique would use bent tube sections, as
indicated in Figure 19c. Although four sections are
shown, more sections could be used if desired. These
sections would be joined by girth welds around the
torus., From the standpeint of installing the propellant
acquisition device into the tank, the method using
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Figure 19 Torus Assembly Methods
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symmetrical halves would be preferable. The acquisition
device could be installed in the lower half of the torus
just prior to the final closure tank weld. Furthermore,
symmetrical halves could be produced on similar if not
identical tooling which would also tend to reduce manu-
facturing costs. However, this method involves welding
at the points or maximum stress (Figure 18). With the
other two wmethods, installation of the acquisition de-
vice would not be possible as a fixed or single unit.
Joints and connections would be required in the acquisi-
tion device which would greatly compound the difficulty
of fabrication., For these reasons, the assembly method
employing symmetrical halves was selected,

Manufacturing Processes

In order to define the problems associated with manu-

facturing a toroidal tank, contact was made with the
following companies:

Pressure Systems, Incorporated
Los Angeles, California

Fansteel Precision Sheet Metal
Los Angeles, California

Beech Aircraft Corporation
Boulder, Colorado

Explosive Fabricator Industries
Louisville, Colorado

Discussions were conducted regarding fabrication tech-

niques, candidate materials, tank mass, and budgetary
cost information,

Three possible methods of forming the torus halves,
identified through these contacts, were spinning,
forging, and explosive forming. Recommendations for
forming of aluminum alloy tanks were generally a combi-
nation of hydroforming and spinning (Ref 36 and 37).
Spinning was definitely not recommended for titanium;
the low ductility of this material makes it extremely
difficult to work., Fabrication of titanium tanks can
best be accomplished by forging. However, after forging,
machining and aging processes are also required which
increases the marufacturing costs (Ref 38).
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The possibility of explosive forming of the toroidal
tank was also investigated (Ref 39). Forming of
titanium by explosive formiug is not recommended, The
aluminum alloys and the stainless steel could be formed
by this process with the stainless steel being the pre-
ferred material, 1In explosive forming, the material is
initially in the annealed condition. After forming,
some work hardening is accomplished. The resulting
increase in strength is apparently not well known,

This uncertainty would require additional safety factors
in determining wall thickness which, in turn, would tend
to increase the tank weight, For t' s reason, explosive
forming was not given further comnsideration.

Another aspect considered was the possibility of taper-
ing the torus wall. The effect of this tapering process
on tank weight was discussed previously., Methods of
tapering the wall include chemical willing, machining
with profile-controlled tooling, or using specially-
shaped dies in the original forging process. Chemical
milling was not considered practical for this applica-
tion; profile-controlled machining is feasible aithough
it would increase the cost of the tank (Ref 38). Forging
with special dies would be expensive for a small number
of tanks,

Budgetary Cost Estimates

Estimates of the costs involved in fabricating toroidal
tanks from 6061 aluminum, 2219 aluminum, and 6Al-4V
titanium were made for comparison purposes., Stainless
steel was not considered in this comparison since it
would not be used in a flight system because of the
higher mass, The estimates were made based on informa-
tion obtained from References 36 and 38, assuming pro-
duction of two toroidal tanks of constant wall thickness.
The cost comparison is presented jin Table 9, which
clearly indicates a significant cost difference between
aluminum and titanium tanks. This difference is mainly
due to the inc.eased difficulty in working with titanium.
The difference between the cost of the two aluminum
alloys, although not very large, is due to the easier
workability of the 6061 alloy. However, the increased
cost may be justified by the difference in tank weight
since the 2219 alloy tank system is approximately 30
percent lighter than the 6061 alloy tank system.

A comparison of the cost of fabricating spherical tanks
versus that for toroidal tanks was also made. Cost of a
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four-spherical-tank system was compared with that of a
two~toroidal system having the same total volume. Fabri-
cation costs for the aluminuwm materials are about the
same for the two systems. However, fabrication cost of
titanium for the spherical-tank system is approximately
307 less than that for the toroidal-tank system, as
indiccted in Table 9.

Another cost factor considered, but not included in
Table 9, was the production nf a variable wall thickness
torus, An additional production cost of $2,000 per alum-
inum tank and $4,000 per tit-nium tank would be required
+*0 machine the tank wali tr the desired contour and
additional tooling costs ".ould also be incurred (Ref 3§;.

TANK SYSTEM DESISN

Installation of ‘he selected propellant acquisition
device in the toroidal tank is shown in Figure 20, The
tun.. can be fabricated from either aluminum or titanium.
be:-use of the difference in weight, 2219 aluminum is
preferred over the 6061 alloy. The propellant acqui-
sition d.vice would be fabricated from 325 x 2300
Datch-twill screen supported by perforated plate. Both
the screen and the perforated plate would be 300 seiles
stainless steel. The screen-to-plate construction con-
cept proposed for the propellant acquisition device has
been developed and verified by Martin MariZetta during
both contractual and in-house research and development
programs (Ref 2, &4, 9, 12, i4, 20, 21, 40), Joining of
scr-en to plate has been azcomplished and tested. Com-
plete acquisition devices hzve been fabricated from
screen and plate construction under research and develop-
ment tasks (Ref 20, 21, 40% and contractual programs
(Ref 2, 9, 12, 14).

Resistance seawn welding is preferred for screen joining.
This process produces a relatively narrow weld of high
integrity that is easily cleaned. A dctailed discussion
of joining and cleaning procedures is  -resented ir
Reference 9. No problems are evident with regard to
cleaning screen devices. More than adequate experience
has been acquired with the propellant: Procedures have
been developed and demonstrated for cleaning fine-mesh
Dutch-twill gcreen devices for use with liquid fluorine
(Ref 41). Fluorine presei.ts the most stringen* clean-
ing requirements of any fluid. Results of tne Martin
Marietta-sponsored program showed that welded screen
systems could be cleaned for fluorine use; specimens
exposed to liquid fluorine for up to 35 days were not
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damaged and their capillary-retention capabilitv was
not reduced.

In the system design, attachment of the propeliant
acquisition device to the tank wall is accomplished by
mechanical means. This technique was chcsen in place
of welding to eliminate the problems associated with
dissimilar metal welding. The communication channels
extend along the tank wall from the retaining ring to
a position 2.54-cm (1l.0-in.) below the split-line of
the tank. This shortening of the communication channel
precludes any heat damage to the acquisition device
during final closure welding with no decrease in pro-
pellant acquisition capability.

A tank system weight tabulation was prepared to compare
2 two-torpoidal-tank system empiuying surface tension
propellant acquisition with a four-spherical-tank
system using bladders. The comparison was made with
the spherical tank system since it was the comparable
system selected in Reference 16. Propellant tank
weights are those presented in Section C of this
chapter. Mass of the surface tension propellant
acquisition system was calculated assv.uing 0.051-cm
(0.020-in.) thick stainless steel perforated plate,
having a 50-percent open area, and a fine-megsh screen
weight (325 x 2300 Dutch-twill) of 8.4 x 107> Kg/cm?
(1.2 x 1073 lbm/inz). The resul °“~g mass per device
was 1.23 Kg (2.7 1bp). An estim: f the polymeric
bladder weight used in the spheri. tank was obtained
from Reference 3 as 2.95 Kg (6.5 1b_) per unit. The
system mass is tabulated in Table 10. Included in the
table are torus system masses for both aluminum and
titanium tank materials. Comparison of the titanium
toroidal system with the four-sphere titanium system
shows a significant 6.7-Kg (15-1b,) advantage for the
toroidal system. This mass difference is primarily
due to the lighter surface tension acquisition system.
Even the aluminum toroidal system compares favorably
with the four-sphere titanium system; 26 Kg (58 1by)
compared with 25 Kg (55 lby), respectively. The
heavier aluminum toroidal-tank weight is offset by

the low-mass surface tension propellant acquisition
system. The spherical tank system mass presented in
the table compares favorably with data given in
Reference 16, whi.n lists a total tank system mass

of 29.09 Kg (64.0 1by). ™ata from the Mariner Mars '71
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Table 10

Mass Comparison Between a

Two-Toroidal-Tank System
and a Four-Spherical-Tank

System
Tank System Toroidal Spherical
Type Acquisition | Surface Surface Surface
Device Tension Tension Bladder Tension
Number of Tanks 2 2 4 4
Tank Material 2219-T6 6A1-4V 6A1-4V 6A1-4V
Aluminum Titanium Titanium Titanium
Mass, Kg (1lby)
Tank 23.7(52.1) 15.7(34.6) 13.1(28.9) 13.1(28.9)
Acquisition
Device 2.45(5.4) 2.45(5.4) 11.82(26.0) | 1.36(3.0)
Total Mass 26.15(57.5) | 18.15(40.0) | 24.92(54.9) | 14.46(31.9)
Kg (lb,)
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program (Ref 34) also support the system mass estimates
presented here.

In evaluating tank system weights, the primary comparison
was between z two-toroidal-tank system using surface
tension propellant acquisition devices and an equivalent-
volume four-spherical-tank system using bladders for pro-
pellant expulsion. This comparison was extended to in-
clude a four-spherical-tank system using surface tension
propellant acquisition devices, These weights are also
presented in Table 10. In preparing this estimate, the
same spherical tank weights were assumed. The surface
tension accuisition device consisted of a single feeder-
arm channel in each spherical tank, similar tc those used
in the toroidal tanks. The channel would be located on
the tank wall farthest from the spacecraft spin axis and
would extend from the outlet in the tank bottom to just
bciow the tank equator. The weight of *he surface ten-
sion devices would be only one-ninth of that for bladders.
This results in a 10-Kg (23-1b,) weight savings if sur-
face tension devices are employed in place of bladders
for the four-spherical-tank system., Comparing the
toroidal-tank system w_.th the spherical-tank system on

a completely equal basis (titanium tanks and surface
tension acquisition devices with both systems), the
spherical tank system provides = weight advantage of

3.7 Kg (8.1 1by).

Quantitative mass and cost comparisons have been pre-
sented for torojdal and spherical tanks. It has been
shown that the toroidal tanks can be fabricated by con-
ventional manufacturing techniques and compare favor-
ably with an equivalent spherical tank system. Addi-
tional quantitative and qualitative results supporting
the attractiveness of toroidal tanks using surface ten-
sion devices for the spinning spacecraft application
were also noted during the study:

1) Only two toroidal tanks, stacked vertically on
the spin axis, are required, one for fuel and
one for oxidizer. Four spherical tanks,
spaced #®/2-radians (90-degrees) apart around,
but offset from, the spin axfs are required
for balancing. The two fuel tanks would be
w-radians (180-degrees) apart, as would the
two oxidizer tanks (Figure 2);
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2)

3

4)

5)

Because of the axisymmetric packaging of the
toroidal tanks, spacecraft balancing should
be simplified and more reliable. Fewer
demands should be placed on the spacecraft
control system. Packaging, itself, appears
easier and tank support should be simpler;

Coupled with a surface tension system, only
one outlet is required to provide a high
expulsion efficiency. With toroidal tanks,
therefore, propellant outflow balancing,
with attendant probability of increased
residuals (premature dropout), is not re-
quired,

With toroidal tanks being symmetrical with
the spin axis, propellant motion (slosh)
resulting from AV engine firing is symmetri-
cal, producing a uniform mass distribution.
The surface tension system acts as a baffle
to attenuate this slosh;

The toroidal tank system with the surface
tension propellant acquisition device will

be compatible with the long duration required
by deep space missions., The reliability of
the system is high because of both the passive
operation of the surface tension device and
the compatibility of the structural materials
with the propellants over long periods of
time,
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

1)

2)

3)

4)

5)

6)

A propellent acquisition device is required to as-
sure gas-free propellant expulsion from a spinning
toroidal tank of circular cross-section.

A passive surface tension acquisition system is
particularly attractive for this long-life appli-
cation.

The continuous acceleration environment resulting
from spacecraft spin precludes the use of low-g
propellant acquisition devices of the type presently
used in the Viking Orbiter propulsion system. A
device employing fine-mesh-screen communication
channels between the tank outlet and the propellant
bulk is required., This fine-mesh screen system can
be developed with present technology.

Multiple tank outlets are not required with the
selected propellant acquisition concept. The low
propellant flow rates for the AV engine result in
system pressure losses much below the bubble-point
limit for the acquisition system, This system pro-
vides high expulsion efficiency (low propellant re-
siduals) while circumventing suction dip problems.

The propellant acquisition system design is the
same for both MMH fuel and Ny0, oxidizer.

Fabrication of a toroidal tank from either titanium
or aluminum alloys is feasible with present manu-
facturing technology. Tanks fabricated from 6Al-4V
titanium result in the lowest tank-system mass. For
the same titanium alloy, the two-toroidal-tank system
including the surface tension device was 6.7 Kg

(15 1by) lighter than an equal-volume four-spherical-
tank system using bladders. If surface tension de-
vices are used in these titanium tanks, the spherical
tank system would be 3.7-Kg (8.l-1byp) lighter than
the toroidal tank system,

RECOMMENDAT IONS

A combined toroidal tank/surface tension propellant
acquisition system is fcasible for use in a spine~
stabilized spacecraft., Additional studies should be
conducted to further evaluate operational requirements
and manufacturing procedures. Specific areas to be

investigated are:
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An evaluation of the stability and shape of the
ullage bubble, particularly at small ullages,

should be made for the spinning torus. Previous
work has been limited to a zero gravity environment.
This evaluation would include the effect of spin
perturbations on bubble stability, propellant dis-
tribution, and liquid-gas interface shape.

A more detailed study of propellant sloshing in
a spinning toroidal tank should be conducted to
define tank baffling requi-ements and geometry.

Means of supporting the toroidal tanks within the
spacecraft structure should be identified. This
evaluation should include an assessment of the
impact on spacecraft mass and structural complexity,
as well as the influence of the tank supports on
tank manufacturing.

Propellant tank and acquisition device fabrication
and integration procedures should be demonstrated

by conducting a full-size tank system program,

This demonstration would provide: tank/acquisition
system design including tank support, pressuri-
zation inlet and propellant outlet details; fabri-
cation, quality control, and acceptance test proced-
ures; acquisition system inspection techniques; and a
ground handling evaluation of propellant fill and
drain, tank pressurization, and propellant outflow.

An experimental program comprised of drop tower
and nne-g bench tests should be conducted to
verify analytical results., Tests would be con-
ducted to evaluate the effects of tnrust on slosh
and propellant settling, ullage bubble orientation
versus ullage volume, and the effects of spin and
wobble on liquid-gas orientation. Plus and minus
one-g outflow tests would also be performed,
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